The interest in terahertz photometric and imaging measurements has motivated the development of bandpass resonant filters to be coupled to multiple-pixel devices such as bolometer arrays. Resonant grids are relatively simple to fabricate, exhibiting high transmission at the central frequency, a narrow bandpass, and good rejection of the side frequencies of the spectrum. We have fabricated filters centered at different frequencies between 0.4 and 10 THz, using photolithography and electroforming techniques. Transmission measurements have shown center frequencies and bandwidths close to the design predictions. The performance of the filters was found not to be critically dependent on small physical deformations in the mesh, becoming more noticeable at higher frequencies (i.e., for smaller physical sizes). Wider bandwidths, needed to attain higher sensitivities in the continuum, were obtained by changing the design parameters for filters at 2 and 3 THz.
Introduction
There are increasing demands for experiments in terahertz (THz) frequencies, in different areas such as biotechnology and nanotechnology, space science, security, and plasma diagnostics [1, 2] . Those demands have motivated the investigation of radio-frequency filtering methods to select frequency bands in the submillimeter to far-IR spectrum, as for example coupled planar antennas, multilayer IR materials, interferometers and bidimensional structures such as metal mesh filters or frequency-selective surfaces [3] .
Metal mesh filters are compact, can exhibit excellent transmission performance, and have the advantage of an easier fabrication process in comparison with other RF tuning possibilities. The bandpass filters exhibit high transmission (higher than 80%) at the central frequency, adjustable bandpass, and good rejection of the sideband frequencies [4] [5] [6] [7] . Mesh filters can use different patterns. The most successful use crosses. The filter geometry parameters are G, which represents the periodicity of the cross, K, the width of the cross arms, and L, the cross length. The combinations of these three parameters 0003-6935/08/326064-06$15.00/0 © 2008 Optical Society of America determine the transmission profile. An illustration of a mesh is shown in Fig. 1 .
Although it is not much discussed in the literature, the thickness (h) growth control of the metal film might become a critical parameter at higher frequencies in the THz band, where the h parameter may attain values close to the operating wavelengths.
Design and Fabrication Process
Metal mesh filters can be fabricated by using different techniques. One micromachining technique uses polymer film as substrate with a metallic thin layer deposited on one side (such as Mylar, metallized polyester). However, plastic films add absorption and have thermal and mechanical limitations for certain applications. Another micromachining procedure employs photolithography followed by electroplating techniques; this procedure produces a metal grown film with an open-space cross format, without absorption, which improves the final filter transmission.
We have used the second technique to fabricate our filters. A first set of filters was fabricated for central frequencies at 0.4, 0.67, 0.85, 2, and 4 THz, for which the designed mesh parameters were derived from Porterfield et al. [4] , assuming linear variation of the parameters with the frequency in order to obtain a narrower bandpass, about 10% of the central frequencies [8] . A second set of filters was fabricated with larger bandwidth at 2 and 3 THz (around 30% of the central frequency) and at 10 THz (bandpass close to 15% of the central frequency).
The equivalent radiometric system noise temperature in the continuum decreases with the square root of the bandwidth. Therefore larger bandwidths are desirable to obtain better sensitivities. To maximize the resonant mesh bandwidths, we derived their design parameters using a 3D electromagnetic simulator, CST Microwave Studio. We first compared the software response with the actual transmission measurements of the first set of filters to validate the new parameters.
We then searched for the design parameters to produce wider bandpass transmission profiles at 2 and 3 THz. The final parameters were derived by using the simulator software optimizer, which applies the interpolated quasi Newton algorithm. Iterative operations are performed by the optimizer over a range of values for the parameters, using as initial values those from Porterfield et al. [4] , to obtain the desired central frequency and bandpass.
For the higher frequency (10 THz) the parameters were calculated for optimum performance and are consistent with linear extrapolation with the frequencies from Porterfield et al. [4] used before. The measured mesh parameters are shown in Table 1 . The frequencies were selected for aerospace applications. The lower frequencies, 0.4, 0.67, and 0:85 THz, correspond to the three last atmospheric windows. The higher frequencies are intended to be used in space experiments, above the atmosphere.
The fabrication processes were performed at the Center for Semiconductor Components (CCS) at Campinas State University, "Renato Archer" Research Center (CenPRA) and National Synchrotron Light Laboratory (LNLS), in Brazil. We used silicon substrates previously prepared with deposited films of silicon oxide, SiO 2 (2 μm thickness), titanium, Ti (200 Å thickness), and gold, Au (1000 Å thickness). In our development we used these substrates prepared with gold film because of its good conductivity for nickel electroplating. The titanium layer was used because of its good adhesion to gold.
In the first set of filters the lithography used SU-8 photoresist, deposited at 1000 rpm for 30 s for 0.4, 0.67, 0.85, and 2 THz, and at 1500 rpm for 30 s for 4 THz, resulting in photoresist thicknesses of 50 and 30 μm, respectively. For the second set of filters the photoresist deposition used 3000 rpm for 30 s, resulting in a photoresist layer of 15 μm. This deposited layer is correlated with the desired metal mesh thickness (Fig. 2) .
The samples obtained were submitted to a baking process and then exposed to UV radiation (200 W mercury lamp operating at 220-400 nm) for 30-40 and 7-10 s for the first and second set of filters, respectively. This process sequence prepares the template for the deposition of the metallic material that forms the filter. Figure 2 shows an electron micrograph of two samples with the crosses made of SU-8 photoresist, with 10-20 μm height, depending on the filter thickness to be grown. In Figure 2 , left-hand side, we can see the silicon substrate and the SU-8 crosses. At the right, a corresponds to the final fabricated mesh result and b the SU-8 crosses above the substrate. We used nickel as the metal material. The electroplating process used a Watts bath of nickel sulfate, nickel chlorine, boric acid, and water, with a current density of 3 A=dcm 2 . At this phase the nickel deposition rate could be monitored by using a DekTak3ST profilometer. The last phase is the etching, to remove the photoresist and the layers of SiO 2 , titanium, and gold, using a potassium cyanide and HF buffer. Figure 3 shows the fabrication process steps. Figure 3A shows the prepared sample with SiO 2 , titanium, and gold; Fig. 3B shows the sample with photoresist SU-8 deposited; Fig. 3C shows the sample after the UV mask exposition and development (the situation shown in Fig. 2); Fig. 3D shows the metal growth using nickel electroplating; Fig. 3E shows the image of the final nickel film growth waiting for the etching process, which is shown in Fig. 3F , when the filter film is removed from the silicon wafer.
Fabrication Results
We first inspected all samples, using a simple microscope, to detect any possible damage. Samples were later analyzed in detail by using an electron microscope to obtain the mesh parameters after the fabrication process. In general, the variations in the parameters were more pronounced for the smaller dimensions, which are more difficult to control during the fabrication process. These variations were associated with the cross pattern resolution in the photolithograph mask, which usually does not correspond exactly to the design specifications. Other variables playing roles are the UV exposition time, the poor mask-substrate contact, and the time for development. Despite of these variables, all filters presented exhibited excellent performance, close to the response expected from the design. In Table 1 we show the measured parameters obtained for the final filters. Figure 4 shows 2D electron micrographs (top) and at a certain inclination angle (bottom) to show details of the corners, sidewall definition, and the mesh thickness, for three filters samples, 0.67, 2, and 10 THz. From these images we can note that the round features at corners and slight bending of cross arms become more pronounced for frequencies above 2 THz. 
Transmittance Measurements
The filter transmission was measured at the MaxPlanck Institut für extraterrestrische Physik, in Garching, Germany, by using the PACS (Photodetector Array Camera and Spectrometer) development laboratory, part of the Herschel satellite project [9] . The equipment used was a Fourier transform spectrometer employing a mercury lamp as a far-and mid-IR source and a liquid-helium-cooled bolometer as detector. The measured transmission profiles for all filters are shown in Fig. 5 . The measured central frequencies, bandwidth, and peak transmittance are listed in Table 2 .
The metal layer thickness (h) becomes an important parameter at higher frequencies, where it may become a significant fraction of the wavelength and may add resonance effects, degrading the filter performance. Möller et al. [10] indicated the occurrence of resonance effects, denoted "thickness peaks," dependent on the mesh metal film thickness, that become more pronounced at shorter wavelengths, which are not present in our filters' measured profiles.
It has been found that metal mesh thickness can be controlled to a good extent during the electroplating process. The first set of filters fabricated [8] had nickel thickness ranging from 16 to 42 μm. Transmission measurements have shown that their thickness had no important resonant effect up to 4 THz (as shown below). For the second set of filters we had better control of the nickel deposition. The resulting mesh thickness ranged from 7 to 10 μm. 
Discussion
The filter central frequencies transmission and respective bandwidths were compared with results obtained by other authors [4, 11, 12] , as shown in Figs. 6 and 7, respectively. The 100% peak transmittances reported by Porterfield et al. [4] are unlikely because of known intrinsic losses in the interaction of radiation and metallic material.
The mesh design parameters derived from the simulator optimizer applying interpolated quasi Newton algorithm proved to be particularly successful for producing the desired response, presenting wider bandwidths transmission, at 2 and 3 THz. This result is relevant for mesh filtering applications in bolometric photometry requiring higher sensitivity in the continuum. The high transmission obtained for the 10 THz mesh might be attributed to the very thin metal thickness attained (less than 7 μm).
Final Remarks
Suspended resonant metallic mesh filters were successfully fabricated for discrete central frequencies ranging from 0.4 to 10 THz. Measured transmission and bandwidths were consistent with the design parameters. It has been shown that the mesh design simulation is a useful tool for obtaining larger bandwidths. The high transmission obtained at 10 THz was possibly related to the small metal thickness attained in fabrication (∼7 μm). The development of THz resonant mesh filters is part of efforts intended to produce and characterize subsystems to be used in solar activity photometry in that range of frequencies, in support of the DESIR (Detection of Eruptive Solar Infrared emission) space experiment on the SMESE (Small Explorer for Solar Eruptions) satellite [13] . Such measurements require sensitivity for detection of small temperature changes against important background emission (small temperature contrasts), which are greatly benefited by the use of large bandwidth suspended metal mesh filters.
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